Introduction
Refractory elements such as Mo, W and Re are important for high temperature strength of advanced heat resistant high Cr ferritic steels used for power plants etc. [1] [2] [3] In these steels, it is known that the (Fe, Cr) 2 (W,Mo) type Laves phase precipitates together with the M 23 C 6 carbides and the MX carbonitride. 4, 5) Since microstructural evolution of these steels is closely related to their long term creep strength at the service temperatures, it is important to understand the microstructural change of them. The microstructural evolution proceeds by atomic diffusion of alloying elements of the steels, 6) so that it is needed to elucidate the diffusivity of the refractory elements in Fe or Fe-Cr alloys.
The aim of this work is to investigate the diffusion behaviour of refractory elements in Fe-Cr-X (X ¼ W, Mo) ternary alloys as well as Fe-Mo-W ternary alloy for elucidating the interaction between the refractory elements in iron alloys.
Theory
In this study, a modified ternary Boltzmann-Matano method was adopted to evaluate the interdiffusion coefficients. 7) This method permits to evaluate them without determining the Matano plane, and hence the accuracy of the evaluated values can be improved. 8) According to Whittle et al., the relations among interdiffusion coefficients and the experimental values obtained from the concentration profiles can be expressed by the following equations. From eqs. (1) and (2) adopting the experimental data obtained from the two different diffusion couples, the interdiffusion coefficients can be calculated at the composition of the cross point of two different diffusion paths, in the Gibbs concentration triangle at the diffusion temperature.
Experimental Procedure
Seven pairs of diffusion systems (i.e. a to g) are listed in Table 1 together with the corresponding diffusion annealing times. All systems are designed so that the diffusion occurs in the -phase (bcc) single phase region. Each alloy for the diffusion systems was prepared by arc melting in high purity argon atmosphere. The homogenization and the grain growth of each alloy were accomplished by 50% cold rolling, followed by the annealing at 1523 K for 24 h in a quartz tube with argon atmosphere. The grain size of each alloy was estimated by an optical microscope (OM). The state of the homogenization of each alloy was estimated by a scanning electron microscope (SEM) equipped with an energy dispersive X-ray spectroscopy (EDX). All alloys showed a single phase of the -phase solid solution and the grain diameter is more than 0.5 mm. The diffusion temperature was not more than 0.75Tm (Tm: melting temperature of the experimental alloys), so that there is little effect of interfacial diffusion on lattice diffusion in the alloy.
9) The corresponding annealing temperatures are all higher than 0.75Tm in each diffusion alloy. Plate specimens were cut from the ingots.
Diffusion couples were prepared in the following way. First each side of the plate specimen was ground, then one surface of the samples were mechanically ground using the emery papers followed by polishing using 0.25 mm diamond slurry, and finally washed in acetone with an ultrasonic cleaner. These couples were held tightly with molybdenum holders as shown Fig. 1 . Alumina fibers were sandwiched between the samples of the couple as a marker to find the initial interface.
Each diffusion couple was encapsulated in a quartz tube with argon gas and annealed at a given temperature for each duration as shown in Table 1 . After the annealing, concentration profiles in the diffusion zone were measured by energy dispersive X-ray spectroscopy (EDX). Figure 2 shows the SEM photograph of the alumina fiber between two specimens. Figures 3 and 4 show the concentration profiles obtained from the diffusion couples of Fe-Cr-W system and Fe-Cr-Mo system, respectively. Each profile exhibited the sigmoidal curve without any discontinuity, indicating that the diffusion occurred within the phase. The diffusion paths were obtained by plotting the data in Figs. 3 and 4 into the Gibbs triangle, and the result is shown in Figs. 5 and 6, respectively. The composition at the cross point in each figure was used for calculating interdiffusion coefficients by the modified Boltzmann-Matano method.
Results and Discussion

Interdiffusion coefficients in Fe-
On the basis of the modified ternary Boltzmann-matano method (eqs. (1), (2) and (3)), interdiffusion coefficients were obtained in the following way. 10) Firstly, Y i values are calculated from the experimental data in Figs. 3 and 4 and they were plotted against x. Also, the relation between C i and C j was calculated from the experimental data (Y i , C i and C j are defined in eqs. (1), (2) and (3)). Secondly, the each concentration profile (Y i -x, C i -C j ) was expressed by the suitable function obtained from the least square fitting was carried out. Thirdly, both the derivative terms and the integration terms in eqs. (1) and (2) were calculated using the functions. In particular, with respect to the integration range of eqs. (1) and (2), the x value was determined from the composition at the cross point of the diffusion paths in Figs. 5 CrCr . It is thought that the diffusion path of diffusion system f exhibit as ''straight lines'' because both Cr and Mo have almost the same main interdiffusion coefficients.
As shown in Tables 2 and 3 MoMo , and hence it is concluded that W is an effective element in high temperature strength than Mo. However, it is stressed here that Mo is effective to lowering the interdiffusivity between Fe and Cr in addition to Mo diffusivity itself. As a result, there is a possibility that Mo suppresses the microstructural evolution in Fe-Cr alloy more effectively than the effect of Mo diffusivity itself. Figure 7 shows concentration profiles obtained from the diffusion couples of Fe-Mo-W system. Like the Fe-Cr-X (X ¼ Mo, W) system, each concentration profiles also exhibited the sigmoidal curve without any discontinuity, indicating that the diffusion occurred in the single phase. Two diffusion paths obtained from Fig. 7 are shown in Fig. 8 . Using the composition at the cross point of the two diffusion paths, interdiffusion coefficients were calculated by the modified Boltzmann-Matano method, and the results are listed in Table 4 .
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